Wearable and implantable wireless biomedical devices are often constrained by the limited bandwidth and high power consumption of their communication links. The VHF or UHF transceivers (e.g. MICS radios) traditionally used for this communication function have relatively high power consumption, on the order of mW, due to the high bias currents required for the analog sections of the radio. To reduce overall power consumption, both the data rate and the duty cycle of the radio are usually minimized, because the lifetime of the device is limited by the energy density of available battery technologies.
INTRODUCTION
Wearable and implantable biomedical devices are often severely power limited due to the limited energy density of available battery technologies. Wireless communication usually accounts for a substantial portion of the power budget of these devices, due to the high currents required by onchip very-high or ultra-high frequency (VHF / UHF) oscillators and frequency synthesizers for Medical Implant Communication Service (MICS), Bluetooth, 802.11, and most other wireless standards. To reduce overall power consumption, both the amount of data transferred and the duty cycle of the radio are carefully minimized, leading to many published schemes for minimizing radio duty cycle in power constrained operation.
Because the communication subsystem can account for a significant fraction of total system power [14] , research in the area of low-power sensor networks and devices often assumes that power cost to transmit data is significantly greater than on-chip processing or data storage [9] . This power tradeoff between on-chip processing and data uplink has been further analyzed in detail [8] .
In this paper we consider an alternative communication method using modulated backscatter, which offers the possibility of continuous, high data rate telemetry uplink at attractively low power consumption at the wearable / implantable device. This is achieved by a re-partitioning of the data link in terms of both circuit complexity and power allocation. Circuit complexity is shifted from the wearable / implantable device to a base station which is responsible for generation and transmission of the RF carrier used for communication. The wearable / implantable device does not generate its own RF carrier, so its on-chip RF oscillator or frequency synthesizer can be eliminated. Instead, the remote device transmits data to the base station by modulating its reflected power. This can be realized simply with a single transistor in parallel with an antenna, switching at baseband frequencies. Modulated backscatter thus allows data to be uplinked over a high-frequency carrier with no on-chip transistors biased for UHF operation.
Single-chip backscatter modulators were originally developed for passive UHF RFID tags employing binary ASK or PSK at relatively low data rates up to 640 kbps [10] . However, recent work by the authors has shown that modulated backscatter can be extended to include modulation schemes of arbitrary complexity, such as M -ary quadrature amplitude modulation (QAM) [17, 21] . This technique has been used to wirelessly telemeter data over a backscatter link with a data rate of 96 Mbit/s with an energy consumption of only 15.5 pJ/bit [20] . This is comparable to 802.11 (WiFi) in terms of data rate, but at power levels over 100X lower than previously reported WiFi systems.
In this paper, we summarize two ultra-low power wireless biotelemetry systems currently being developed. These systems employ modulated backscatter in both the far field (d >> λ) and the near field (d << λ) RF propagation regimes.
The first example operates in the far field propagation regime (d ≈ 5 m, λ ≈ 33 cm) and is designed to telemeter up to 10 neural and 4 EMG channels from dragonflies during flight. This device has a total packaged mass of 38 mg, a data rate of 5 Mbit/s, and a range of approximately 5 m [18, 19] . The far field device is fully passive and derives all operating power from the incident RF signal from the base station. This further reduces the size and mass of the device by eliminating all batteries from the wireless device.
The second example is a near field communication link (d ≤ 6 cm, λ ≈ 33 cm) designed for implantation in small animals such as mice. This device has a maximum implant depth of 6 cm and can transmit at data rates up to 30 Mbit/s.
The energy cost per bit on the animal side of both of these backscatter data uplinks is 4.9 pJ/bit and 16.4 pJ/bit respectively. This is a significant reduction compared to existing "ultra-low power" biomedical telemetry solutions with power costs of over 60 nJ/bit when transmitting at a maximum data rate of 50 kbps [11] .
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FAR FIELD MODULATED BACKSCAT-TER FOR WEARABLE DEVICES
Recent work in the author's laboratory has resulted in a digital neural/EMG telemetry system that is small and lightweight enough to permit recording from insects during flight [18, 19] . A photograph of the telemetry backpack attached to a dragonfly, Libellula lydia, is shown in Fig. 2 . This species of dragonfly weighs about 400 mg and can carry payloads up to 33% of its body weight (about 130 mg) without interfering with normal foraging behavior. This small payload capacity imposes significant engineering challenges in designing instrumentation capable of wirelessly recording in-flight neural activity.
A system block diagram is shown in Fig. 3 . The base station transmits a 4 W, 915 MHz signal from a perch-mounted patch antenna to an 8 cm dipole antenna attached to the telemetry IC. The telemetry IC employs RF power harvesting to supply DC its operating power, so it is battery-free. The total flight package mass is only 38 mg. The chip is designed for operation in the 902-928 MHz ISM band and communicates 16 channels (10 neural, 4 EMG, 2 general purpose DC) of sampled full-waveform data at a total data rate of 5 Mbit/s. The chip has a theoretical maximum operating range of approximately 5 m when using a 4 W (+36 dBm) transmitter. Table 1 compares this system with other biotelemetry systems designed for operation with small, freely-moving animals. With the exception of [22] , which is also RF-powered, existing systems weigh too much to permit natural flight behavior from a dragonfly, largely due to the weight of bulk energy storage. Such small batteries or supercapacitors also have the significant disadvantage of short useful lifetimes, often less than 1 hour. In contrast, the backscatter-based device has unlimited lifetime due to its battery-free operation. In this system, modulation for the data uplink is realized using a single modulating FET and a weighted capacitor array resulting in a digitally configurable impedance that controls the modulation angle of the BPSK backscatter. By avoiding the use of an on-chip UHF oscillator or frequency synthesizer, no transistors are biased for UHF operation and a significant reduction in operating power is achieved. At a data rate of 5.0 Mbps, the entire communication subsystem accounts for only 2% (24.6 µW) of the total DC system power consumption (1.23 mW), so continuous telemetry is achieved with minimal power penalty.
The dragonfly chip is capable of a 14X improvement in transmitted data rate when compared to similar devices which use an active radio [4] . The power breakdown, Fig. 5 , shows the primary advantage of the backscatter communication modality-a majority of power is dedicated to the circuits used in signal acquisition, so power allocation can be focused on the essential task of obtaining high quality signals.
NEAR FIELD MODULATED BACKSCAT-TER FOR IMPLANTED DEVICES
For implantable devices, near field modulated backscatter is a promising approach to high bandwidth communication. In contrast to far field electromagnetic communication (where d >> λ) in which energy is propagated by a combination of electric and magnetic field components, evanescent modes dominate in the near field where d << λ. Most implantable devices, particularly in small animals, have an implant depth of less than 10 cm. At UHF carrier frequencies (902-928 MHz), the wavelength λ ≈ 33 cm, so evanescent modes dominate. In the near field regime, signals can be coupled via the magnetic component of the evanescent mode. Because animal tissues have low magnetic permeability, the magnetic field is relatively unaffected by tissue proximity, and even at high carrier frequencies the losses in tissue are manageable. The near field UHF modulated backscatter modality is distinct from near field inductive communication techniques at low carrier frequencies such as NFC. These systems, where f < 30 MHz, are sometimes called load modulation. Load modulation systems are based on transformer coupling between the reader's primary coil and the secondary coil in the implant. Thus, communication is not achieved through scattered fields but rather via a switched load at the transponder antenna inducing a voltage change at the external system [3] . Given the low carrier frequencies of inductive load modulation systems, bandwidth is severely limited as shown in Table 3 .
To gain insight into the behavior of backscatter based implants at UHF frequencies, the two-way backscatter channel has been modeled using a proxy system shown in Figure 6 prior to any testing on a live animal. The proxy system consists of a polyethylene tank containing 6 liters of 0.91% mass / volume saline. The path loss between the segmented loop antenna and the small loop transponder antenna has been characterized using a network analyzer both in the saline tank and in free space. Not surprisingly, the small loop transponder experiences higher path loss in saline than free space, as saline has a much higher relative permittivity ( r ≈ 80) than air, and a larger loss tangent at the tested frequencies, and is thus a higher loss dielectric fluid [15] .
A prototype implantable backscatter modulator, powered by a CR2032 coin cell, was fabricated as shown in Figure 7 . It uses a 10 mm diameter magnetic loop antenna that is connected to a low-power backscatter modulator that can be set to a rate of 7.5 Mbps, 15 Mbps, or 30 Mbps. In an actual implant, the circuitry can be reduced to a single chip on a thin substrate, while the bulky connectors shown would not be required. The external base station transceiver for this near field system consists of a specialized segmented loop near field antenna, which creates an approximately uniform magnetic field in close proximity to lossy, conductive dielectrics such as the saline proxy or actual biological tissue. The measured backscatter signal strength at 30 Mbps is shown in Figure 8 .
Near field UHF backscatter naturally lends itself to low power implementation, as shown in Table 4 . The main communication element is a CMOS RF switch that connects one of two load impedances to the loop antenna. The power con- sumed by the switch increases with backscatter rate, while the energy per backscattered bit is as low as 16.4 pJ/bit. Near field UHF modulated backscatter provides for a lowpower, high data rate uplink from implantable biomedical devices. This technology is especially applicable to multielectrode telemetry devices for acquiring data from multiple neurons, where the capability of transmitting large amounts of raw digitized data without compression to an external base station is essential. This transfers the burden of computation from the implant to the external system, allowing for reduction of power dissipation on the implant which is in contact with highly temperature sensitive neural tissue. The proposed system provides penetration depths up to 6 cm in a medium that is expected to be more lossy than actual biological tissue, with communication rates up to 30 Mbps. The proposed system is competitive in terms of power consumption with those in Table 3 , while far outperforming competitive systems in maximum data rate and energy per bit.
CONCLUSIONS
Because of their origins in low data rate UHF RFID tags, backscatter communication links have traditionally been considered as a low-bandwidth communication channel. However, the two example systems in this paper show that highbandwidth communication using modulated backscatter is both practical and very attractive from a power efficiency (energy per transmitted bit) perspective. By eliminating almost all on-chip RF circuitry, the backscatter uplink offers significant savings in power cost and implantable/wearable device complexity. These benefits are also disruptive to the existing paradigm for low-power communication links, where it is often assumed that wireless data transmission has a higher power cost than on-chip computation. Future devices that employ modulated backscatter will offer higher uplink data rates, at much lower power cost, than similar devices using traditional wireless communication. We have also shown that high-bandwidth modulated backscatter can be applied to both implantable and wearable devices, given the near field and far field RF propagation domains.
